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EFFECT OF TIME DELAY ON FLYING QUALITIES: AN UPDATE 


l 

Rogers E. Smith* and Shahan K. Sarrafian' 1 ' 
NASA Ames Research Center 
Dryden Flight Research Facility 
Edwards, California 


Abstract 


6 A aileron position, deg 


Flying qualities problems of modern, full- 
authority electronic flight control systems are 
most often related to the introduction of addi- 
tional time delay in aircraft response to a pilot 
input. These delays can have a significant effect 
on the flying qualities of the aircraft. This 
paper reexamines time delay effects in light of 
recent flight test experience with aircraft incor- 
porating new technology. Data from the X-29A 
forward-swept-wing demonstrator, a related pre- 
liminary in-flight experiment, and other flight 
observations are presented. These data suggest 
that the present MIL-F-8785C allowable-control 
system time delay specifications are inadequate 
or, at least, incomplete. Allowable time delay 
appears to be a function of the shape of the 
aircraft response following the initial delay. 

The cockpit feel system is discussed as a dynamic 
element in the flight control system. Data pre- 
sented indicate that the time delay associated 
with a significant low-frequency feel system does 
not result in the predicted degradation in air- 
craft flying qualities. The impact of the feel 
system is discussed from two viewpoints: as a 

filter in the control system which can alter the 
initial response shape and, therefore, the allow- 
able time delay, and as a unique dynamic element 
whose delay contribution can potentially be dis- 
counted by special pilot loop closures. 
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roll stick position, in 

feel system damping ratio 

neuromuscular damping ratio 

equivalent time delay, sec 

effective time delay, sec 

roll mode time constant, sec 

feel system natural frequency, rad/sec 

neuromuscular natural frequency, rad/sec 


Introduction 

The advent of modern, ful 1 -authority electronic 
flight control systems produced many exciting 
advances in aircraft handling and performance 
capabilities. Unfortunately, this improved capa- 
bility has not evolved without cost. Chief among 
the problems related to this modern technology is 
the introduction of additional time delay in the 
response of the aircraft to pilot input. These 
time delays can produce a significant degradation 
in the flying qualities of the aircraft during 
demanding tasks. 


Nomenclature 


fas 

roll stick force input, lb 

ki 

pilot model feedback gain 

Kfs 

feel system gain, in/lb 

Kr 

lateral command gain, deg/sec/in 

LATHOS 

lateral higher order systems 

P 

roll rate, deg/sec 

PIO 

pilot-induced oscillation 

PR 

pilot rating 

s 

Laplace operator 

Tl 

pilot model time constant, sec 


*Aerospace Research Pilot. Member AIAA. 
t Aerospace Engineer. Member AIAA. 


This paper examines time delay effects in 
light of recent flight test experience with air- 
craft such as the X-29A forward-swept-wing demon- 
strator which incorporate new technology. Early 
examples of aircraft with high-authority elec- 
tronic flight control systems (such as the F-18A, 
Tornado, YF-17, and the space shuttle) had spe- 
cific flying qualities problems related to time 
delay exposed during their development programs. 
As a result, new requirements on allowable flight 
control system time delay were included in the 
latest military flying qualities specification, 
MIL-F-8785C. 1 Recent experience with the X-29A 
aircraft and later versions of the F-18A aircraft 
raised some questions about the validity or, at 
least, completeness of these specifications on 
allowable control system time delay. 

The general purpose of this paper is to pre- 
sent questions related to allowable time delay 
which have recently surfaced during the X-29A 
flight tests and a related preliminary flying 
qualities research experiment. The specific 
purposes are to: 



1. Present a summary of the pertinent MIL-F-878bC 
specifications, and review the fundamental 
background information and definitions related 
to flight control system time delay. 

2. Present new data and fliyht test observations 
which bring the existing M1L-F-8785C time 
delay specifications into question. These 
data indicate that the effect of a given over- 
all control system time delay is a function of 
the distribution and character of the control 
system elements. There is evidence from these 
data and other sources that the allowable con- 
trol system time delay may be a function of 
the shape of the initial aircraft response 
after the time delay. 

3. Address, specifically, the role of the cockpit 
feel system, which relates the pilot's input 
force to the control stick displacement in the 
overall flight control system. The feel sys- 
tem is a potentially unique dynamic element; 
the pilot has direct access to both the input 
force and the output stick displacement. The 
question to be addressed is whether the feel 
system is merely another filter in the over- 
all control system, or whether it is a unique 
dynamic element whose time delay contribution 
can be either ignored or reduced by the pilot. 

This paper is based on data and observations 
gathered from the perspective of the pilot and 
flight test engineer. Although the data base 
for the paper may be somewhat limited, the basic 
themes in the paper are supported by flight obser- 
vations. The authors hope the fundamental flight 
observations presented herein will encourage the 
evolution of a larger data base with which ana- 
lysts can provide additional insight. 

Background Information 

Because the primary purpose of this paper 
is to present some new insights on the subject of 
time delay and flying qualities, a complete review 
of the background data is beyond our scope. How- 
ever, as a foundation for the discussion in this 
paper, a brief and basic review of the time delay 
definitions and the important effects of time 
delay on flying qualities is presented. A more 
complete discussion of the subject can be found 
in Ref. 2 . 

T i me lie 1 ay 

To a pilot, time delay is the dead time between 
his force input to the stick and the beginning of 
any aircraft response or output. This delay can 
come from a variety of sources within the flight 
control system. 

A system that reproduces the exact shape of an 
input after an interval of dead time is defined as 
exhibiting transport, or pure, time delay. In 
modern digital flight control applications, this 
pure time delay is introduced by the digital 
implementation of the control laws. However, 
the majority of time delay in modern electronic 


flight control applications is not caused by 
these pure digital time delays. Typically, the 
complexity of modern control system design strat- 
egies results in cascading numerous dynamic ele- 
ments which can introduce a perceived delay in 
the initial response of the aircraft to a pilot 
input. This form of time delay is often referred 
to as “equivalent 11 or "effective" time delay, 
depending on the measurement method. Each method 
represents an approximation of the dead time 
sensed by the pilot. 

Time Dela y Measureme nt 

"Equivalent" time delay in a flight control 
system is measured using frequency domain tech- 
niques. It can be "measured" by matching the fre- 
quency response of the complex high-order system 
over a specific frequency range with a familiar 
low-order model, which includes a pure time delay 
term. 3 Typically, the pitch rate or roll rate 
transfer functions are analyzed. 

"Effective" time delay in a flight control 
system is measured using time domain techniques. 

It is measured as the difference between the time 
of application of a step input and the intersec- 
tion of the maximum slope tangent to the response, 
as shown in Fig. 1. The effective time delay 
measure^ does not require an assumed low-order 
model. Again, pitch rate or roll rate responses 
to step inputs are typically used for this purpose. 

It is important that time delay flying quali- 
ties data, design guidelines, or specifications 
include a clear definition of the required meas- 
urement technique involved. The frequency and 
time domain measurement techniques do not always 
produce exactly the same answers. For the remain- 
der of this paper, the general term "time delay" 
is used unless data involving a specific measure- 
ment technique are involved. 

Time Delay an d th e Task 

The evaluation of highly augmented aircraft 
with appreciable time delay is very much a func- 
tion of pilot technique and the degree of preci- 
sion demanded by the task. For example, the 
flying qualities of an aircraft with significant 
time delay may be satisfactory for the approach 
phase of the landing task but deteriorate signif- 
icantly near touchdown as the required task pre- 
cision increases. 

Results of the NASA F-8 research program 3 
shown in Fig. 2, illustrate that the task per- 
formance demands are an important flying quali- 
ties factor. For the precision, or high-stress 
pitch landing task, which included a lateral off- 
set maneuver and a specific touchdown zone, the 
degradation in pilot rating is much steeper than 
for the low-stress task. An alternate description 
of the task differences for these examples would 
be to say that the precision or high-stress task 
requires a higher inner-loop bandwidth than the 
low-stress, straight-in approach. 
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Also shown in Fig. 2 are data for the NT-33 
airplane 8 for a similar task which correlates 
well with the F-8 hiyh-stress data. The low- 
stress task involved a straiyht-in approach with 
no touchdown zone constraints; the data trends 
are similar to those obtained in a sophisticated 

fixed-base simulator, 7 usiny the task and configu- 
rations from the NT-33 proyram reported in Ref. 6. 

The precediny brief review establishes that 
control system time delay is a critical flyiny 
qualities factor. Careful attention must be 
yiven to measurement technique, task details, 
and pilot technique duriny fliyht test or flyiny 
qualities evaluations. 

Before the discussion of new data and fliyht 
observations that briny into question the pres- 
ent allowable control system time delay spec- 
ifications, a review of present specifications 
is in order. 

M_L-F-8785C_ Time_ pej_ay ^ecrficat i_on s^ 

The MIL-F-8785C flyiny qualities specifica- 
tions on allowable time delay address the dynamic 
characteristics of the primary fliyht control sys- 
tem which includes pitch, roll, and yaw stability 
auymentation systems, and all associated mecha- 
nisms and devices. In addition, aircraft response 
to cockpit control deflection and control force 
is to be smooth and linear for all control input 
amplitudes. This aircraft response to cockpit 
control force must not exhibit a time delay lonyer 
than the followiny for a pilot-initiated step 
control force input: 

Level 1 0.10 sec 

Level 2 0.20 sec 

Level 3 0.2b sec 

These allowable time delay requirements are 
also applicable to values of equivalent time delay 
derived from an equivalent system frequency domain 
match of the aircraft response to cockpit con- 
trols. As previously stated, this delay refers 
to the pure time delay term in the resultiny low- 
order model. These delay requirements cover all 
aircraft and missions. One obvious weakness in 
the present time delay requirements is that pre- 
cise definitions of the required time delay 
measurement techniques are not yiven. Another 
area of concern is that the allowable time delay 
values are not a function of any other factors 
that affect the shape of the response after the 
delay time. For example, the data in Ref. 4 
showed that the allowable lateral time delay was 
a function of the value of the roll mode time 
constant. Also note that the time delay require- 
ments are based on stick force inputs. For air- 
craft that use stick displacement as a command, 
the delay of the feel system is therefore included 
in the overall delay for comparison with the 
MIL-F-878bC time delay thresholds. 


Rec ent T ime Delay F lying Qu alities 
Data/Observations 

X-29A Flyin y Qua liti es Evaluation s 

The X-29A primary flight control system is 
a relatively complex diyital design 8 which uses 
stick position for the command signal to the com- 
puters. Thus, the feel system is in series in the 
command path of the flight control system. Recent 
observations during the X-29A advanced technology 
demonstrator flight test program raised questions 
about the applicability of current MIL-F-8785C 
allowable time delay requirements. 

For example, frequency domain equivalent 
system analysis referenced to stick force, as 
required by MIL-F-8785C, showed the X-29A to have 
unacceptably high values of equivalent time delay 
(Level 3) at a number of flight conditions. Ini- 
tial flight evaluations using realistic precision 
formation tasks indicate that the X-29A is typi- 
cally borderline Level 1/Level 2 for these tasks; 
for the precision roll tasks it is a solid Level 1 
aircraft. One unique feature of the X-29A flight 
control system is a relatively "slow" feel system. 
In the roll axis, the feel system can be charac- 
terized as follows: 

HS _ Kps 

Fas ’ s2'+ 2(0.7) ( 13 )s + (13)2 

This lateral feel system, which has a spring 
gradient of 2 lb/in, contributes approximately 
0.10 sec of equivalent time delay. For the X-29A 
this slow feel system is responsible for approxi- 
mately 45 percent of the overall time delay which, 
according to MIL-F-8785C, should yield Level 3 
flying qualities. 

When the feel system dynamics are excluded 
from the equivalent system analysis procedure, 
the resulting equivalent delay values fall in 
the MIL-F-8785C Level 1/Level 2 region, which 
is then consistent with the flight evaluations. 

The preliminary flyiny qualities results from the 
X-29A tests indicate no pilot performance degra- 
dation due to time delay. These results are 
significantly different than the flyiny quali- 
ties levels predicted by the MIL-F-8785C allow- 
able time delay requirements. 

The X-29A results show that referencing the 
time delay measurements to stick position provides 
good correlation between the flight results and 
the MIL-F-8785C requirements. However, if the 
time delay measurements are referenced to stick 
force, the present MIL-F-8785C allowable time 
delay requirements are not apparently applicable 
to the X-29A case. As discussed, the reason for 
this anomaly may be related to the X-29A feel 
system characteristics. The role of the feel 
system in the pilot/aircraft combination is the 
central issue in a separate flying qualities 
experiment presented later in this paper. 
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£/ A - 1 8_ J^on t ro]__ Law Developmen t 

The evolution of the F/A-18 flight control 
system during the flight test program resulted in 
numerous changes that improved the flying quali- 
ties of the aircraft, particularly in the area of 
time delay. 9 Initially, the flight control system 
was commanded by stick force. The necessary for- 
ward path filtering, in addition to other struc- 
tural filtering requirements, resulted in unsatis- 
factory levels of equivalent time delay according 
to MIL-F-8785C. Flying qualities evaluations of 
the early versions of the F/A-18 did, in fact, 
expose time-delay-related problems. 

Subsequent revisions to the control laws in 
the flight control system included a change to 
position command from the original force command 
design. As a result of the extensive revision 
to the control system, including use of position 
command, equivalent time delays were reduced by 
50 percent. Further, the equivalent time delays 
measured from stick position, which excluded feel 
system dynamics, moved into the Level 1 range 
in MIL-F-8785C. The overall assessment of fly- 
ing qualities of the F/A-18 correlates with 
this method of excluding the delay from the 
feel system. 

Although the F/A-18 feel system is “fast" com- 
pared with that of the X-29A (the feel system nat- 
ural frequency is approximately double the X-29A 
value), the correlation of flight results with the 
MIL-F-8785C values is better if the feel system is 
excluded. Analysis within the F/A-18 program is 
typically done without including the feel system. 

NT - 33_ Air c r a ft _Ey a 1 u ati on 

The observations noted on the X-29A and the 
F/A-18 prompted a cursory evaluation of feel sys- 
tem time delays on the USAF/Calspan NT-33 variable 
stability aircraft. This undocumented evaluation 
concentrated on the effect of feel system time 
delays on lateral flying qualities in the visual 
approach and landing tasks. Two basic configura- 
tions in the lateral axis were evaluated, and 
both had an overall system delay of between 0.20 
and 0.25 sec. The first configuration included a 
relatively fast feel system (c FS = 0.7, cops = 26.0 

rad/sec) whose equivalent time delay was approx- 
imately 0.05 sec. The remaining delay in the 
flight control system was downstream of the feel 
system in the command path. For the second con- 
figuration, a slow feel system was substituted for 
the fast feel system in the first configuration. 
This feel system contributed approximately 0.10 
sec of equivalent time delay (tp S = 0.7, mps = 

13.0 rad/sec); 0.05 sec of equivalent time delay 
was also removed downstream of the feel system to 
keep the overall time delay of the two configura- 
tions the same. 

The second configuration with the slow feel 
system exhibited a slight tendency toward PI0 but 
was controllable in the lateral -offset landing 
task. This configuration approximated an earlier 
version of the X-29A lateral power approach model 


which was simulated in the USAF/Calspan Total In- 
Flight Simulator. The fact that the observations 
from both simulations were very similar adds some 
credibility to this informal NT-33 evaluation. 

In contrast, the first configuration with the 
fast feel system and the same overall time delay 
was unflyable near the ground because of a diver- 
gent lateral PI0. The flying qualities of the 
two configurations in this superficial evaluation 
were very different, yet using the MIL-F-8785C 
time delay boundaries to compare, they should 
have been the same. 

The observations and evaluations from the 
X-29A test program, supported by the examples from 
the F/A-18 program, and the informal NT-33 evalua- 
tion indicate that the present MIL-F-8785C allow- 
able time delay requirements are potentially in- 
valid or, at least, incomplete. These examples 
show that the allowable time delay is a function 
of the distribution and character of the flight 
control system time delay. In particular, there 
is evidence that the feel system is perhaps a 
unique dynamic element whose time delay con- 
tribution may be, to some degree, discounted. 

The preceding observations served as a cata- 
lyst for a feel system investigation using the 
Calspan Learjet in-flight simulator. This inves- 
tigation was very limited in scope because of 
economic constraints, but was intended to pro- 
vide more insight into the time delay questions 
raised by the X-29A flight test program. 

Feel System Investigation 

The objective of this brief preliminary inves- 
tigation was to provide additional insight into 
the effects of feel system dynamics on aircraft 
lateral handling qualities in the approach and 
landing task. 

Expe ri ment Details 

For this experiment, two lateral feel systems 
were evaluated. The fast feel system, which 
contributed approximately 0.05 sec of equivalent 
time delay is represented: 

5 AS _ Kfs 

Fas " s2 + 2(0.6) (26)s + (26)2 

The slow feel system contributed about double 
the equivalent time delay, 0.10 sec, and 
is represented: 

6 AS KFS 

Fas _ s2 + 2(0.6) ( 13)s + (13)2 

Two levels of overall control system equiv- 
alent time delay, measured from stick force to 
initial control surface response, were considered: 
0.15 sec and 0.27 sec. The general arrangement of 
the control system is shown in Fig. 3, with the 
flight control system commanded by stick position. 
For the evaluations of each level of overall time 
delay with both feel systems, appropriate incre- 
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merits of transport time delay were employed to 
keep the overall time delay constant. The eval- 
uation configurations are illustrated in Fig. 4. 

A "benchmark" configuration with minimum overall 
delay was included for reference. 

A fixed roll mode time constant of approxi- 
mately 0.30 sec was used for all configurations 
and the dutch roll mode was essentially sup- 
pressed. The lateral roll rate transfer func- 
tion is presented: 

jj = _ _ Kps __ __J<P __ 

fas ' s2Vt ? 7 s ;7 s 7t;'"2 s +t r - 

Kp, the lateral command gain, was selected to pro- 
vide satisfactory steady-state roll rate response. 
K|.-<j was selected to provide a feel system force 
gradient of 4„0 lb/in for all configurations, 
except one evaluation that was repeated with a 
3,0 Ib/in gradient (Configuration F). 

Tasks 

This preliminary investigation consisted of 
one flight with one evaluation pilot who was not 
aware of the configuration being evaluated at any 
given time. For a given configuration, precision 
bank-angle captures up to 30° were performed on 
the downwind portion of the landing pattern, fol- 
lowed by a lateral-offset spot landing. Two 
approaches were typically flown in each config- 
uration before the pilot made ratings and com- 
ments. The evaluation flight totaled 17 
approaches (14 to touchdown). 

Kesult_s_ 

The pilot ratings assigned to the evaluation 
configurations are presented in Fig. 5. Summary 
comments for each configuration are: 

1. Configurations A and B (Low level of total 
time delay, approximately 0.15 sec) 

These configurations received pilot ratings of 
2 (regardless of the distribution of the time 
delay). The pilot commented on the smooth, 
precise control of bank angle, with no over- 
shoot tendencies. 

2 . Configurations C and 0 (High level of total 
time delay, 0.27 sec) 

Significant differences were noted between 
these configurations. Configuration C, with 
the "fast" feel system, in which most of the 
time delay resided downstream of the feel sys- 
tem, received pilot ratings of 7. A lack of 
precision, a tendency to overcontrol in roll 
and a small amplitude high-frequency lateral 
PIO were noted by the pilot. Configuration D, 
with the "slow" feel system, in which a signi- 
ficant portion of the total delay resided in 
the feel system, received pilot ratings of 4. 
Some imprecision in roll was noted by the 
pilot, but reasonable roll attitude control 
was possible. 


3. Configur ation E (Minimal total time delay, 
approximately 0.10 sec) 

This "benchmark" configuration received pilot 
ratings of 2, with no problems noted by 
the pilot. 

4. Configuration F (Configuration 0 with reduced 
lateral stick force gradient) 

This configuration was the same as con- 
figuration D except that the feel system 
force gradient was cut in half to 2.0 lb/in. 
Pilot rating was a 4, and the pilot comments 
indicated precise control of roll attitude 
and more response laterally than for the 
other configurations. 

Di scuss i on 

The results of this limited experiment show 
interesting trends with respect to the MIL-F-8785C 
equivalent time delay requirements. The pilot 
ratings relative to the MIL-F-8785C requirements 
for the total equivalent time delay of each con- 
figuration (including the feel system) are shown 
in Fig. 5. Again, the degradation of flying qual- 
ities at the higher total time delay is signifi- 
cant when a majority of the time delay is located 
downstream in the transport delay and Learjet 
actuator, and not in the feel system. In addi- 
tion, the results do not correlate satisfac- 
torily with MIL-F-8785C requirements. 

The same experiment results are shown in 
Fig. 6, but with the feel system time delay 
removed from each configuration. In this 
case, there is excellent correlation between 
pilot ratings and MIL-F-8785C boundaries, as 
there was for the X-29A flight test data pre- 
viously discussed. 

The major points brought out by this small 
experiment, substantiated by the flying quali- 
ties evaluations of the X-29A aircraft, are: 

1. Large values of overall lateral equivalent 
time delay (0.27 sec) can be satisfactorily 
tolerated by the pilot (pilot rating 4, 

Level 2) when a significant portion of this 
delay resides in the feel system, independent 
of the force gradient. 

2. Lateral flying qualities degrade to Level 3 
(pilot rating 7) when large values of overall 
time delay (0.27 sec) consist of delay down- 
stream of the feel system, and this delay is 
largely transport time delay. This effect, 
related to the distribution of the overall 
time delay, is not present at low values of 
overall time delay (0.15 sec). 

3. Correlation of the pilot rating results with 
the M1L-F-8785C time delay boundaries is poor 
when the feel system is included, as required 
by MIL-F-8785C. Excellent correlation is 
obtained, however, when the overall time delays 
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in a position-command flight control system 
are referenced to stick position, not stick 
force, therefore excluding the feel system 
delay contribution. 

A more general comment based on data and 
observations presented up to this point, is that 
when the cockpit feel system is a significant 
dynamic element in the flight control system, 
t he present M I L-F -8785C time delay requirements 
do not appear to be applicable. In view of the 
data and observations in this paper, the cen- 
tral point of interest is the feel system and 
its impact on aircraft flying qualities and 
related specifications. 

Feel System E_f_fec_t_s__on JJXLPJL _t}u_al_i t _i es_ 

It appears that feel system effects on flying 
qualities can be approached from two viewpoints. 

In each case the initial assumption is that the 
MIL-F-8785C requi rements are deficient, or at 
least, incomplete. This assumption is consistent 
with previous data and observations presented in 
this paper. 

The first point of view is a more general one 
in which the feel system is considered as another 
flight control system filter which can signifi- 
cantly affect the shape of the initial response 
of the aircraft following the time delay. Evi- 
dence in Ref. 4, for example, suggests that the 
allowable time delay is a function of the ini- 
tial response parameters, such as roll mode 
time constant. 

The second point of view considers the feel 
system to be a unique dynamic element within the 
flight control system since the pilot has direct 
access to both the input force and output stick 
displacement of the element. The pilot's ability 
to apply compensation directly to the feel system 
element as a special inner loop in the complex 
pilot model may possibly discount the feel system 
time delay contribution in some way for position- 
command flight control systems. 

F_e e I Sy s t em a s_ a _F ij ter 

To illustrate the role of the feel system as a 
filter which can significantly affect the shape of 
the initial response of the aircraft, consider 
configurations C and D from the Calspan Learjet 
feel system experiment. The roll rate and roll 
acceleration time histories of these configura- 
tions for a step force input are presented in 
Fig. 7. As shown, the roll rate responses are 
well matched with the same overall effective time 
delay. However, the roll acceleration time his- 
tories are quite different. Configuration C with 
the fast feel system shows a delayed and abrupt 
initial acceleration that lead to PIO problems 
and a pilot rating of 7. On the other hand, con- 
figuration D with the slow, lower frequency feel 
system shows a slightly reduced maximum accelera- 
tion peak, but has less initial delay and a sub- 
stantially reduced initial roll acceleration rate, 
sometimes referred to as "jerk." To the pilot, 
the high-frequency attenuation provided by the 


feel system filter was beneficial and resulted 
in significantly better aircraft performance 
(pilot rating of 4). With the smoothing effects 
of the feel system, the tolerance of time delay 
is increased. Whether these benefits could be 
obtained using appropriate filtering downstream 
of the feel system should be the subject of fur- 
ther experiments. This example does suggest that 
time delay tolerance is very much a function of 
the shape of the initial acceleration of the 
aircraft following the time delay dead time. 

In an effort to substantiate this apparent 
relationship between time delay and the rate of 
change of acceleration or jerk, the larger data 
base from the LATHOS experiment of Ref. 4 was 
examined. This lateral flying qualities exper- 
iment showed that the allowable time delay for 
a given flying qualities level was a function 
of the roll mode time constant. For short roll 
mode time constants and the attendant higher 
initial lateral accelerations, the allowable 
time delay was significantly reduced. 

Selected configurations from this experiment 
had medium-to-short values of roll mode time con- 
stant and adverse pilot comments related to rapid 
initial response. The acceleration rate (jerk) 
for these configurations was then measured for 
a step force input. The step input size was 
selected to achieve a somewhat arbitrary, but 
reasonable standard of roll performance; 30° of 
bank-angle change in 1 sec was selected. The 
measured values of acceleration rate and effec- 
tive time delay for each selected configuration 
are plotted in Fig 8. Although the data set is 
somewhat limited, the observations from the 
Learjet experiment are essentially confirmed: 
Allowable time delay appears to be a function of 
the initial response shape, in this case lateral 
acceleration rate. The feel system, acting as a 
filter, can potentially reduce the rate of accel- 
eration which, in turn, increases the tolerance 
to time delay. These smoothing effects appear 
to more than offset the degrading effects of the 
additional equivalent time delay added by a lower 
frequency feel system filter. 

This scenerio is a possible explanation for 
the results observed in the Learjet experiment 
and the X-29A flight tests. A definitive exper- 
iment to isolate the feel system effects has not 
yet been done. There is, however, another pos- 
sible explanation for the effects of significant 
feel system dynamics related to the unique aspects 
of the feel system as a dynamic element in the 
flight control system. 

Feel System as a Unique Dynamic El e ment 

Typically, the feel system is treated equally 
with the other cascaded dynamic elements in the 
flight control system with respect to time delay. 
However, there is evidence that suggests the 
dynamics contributed by the cockpit feel system 
should be approached from a different perspective. 

The feel system includes the spring, mass, and 
damper characteristics of the control stick that 
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translate the pilot's stick force input into stick 
position. In a modern flight control system, the 
feel system provides the "artificial feel" neces- 
sary for the pilot to maintain adequate stick 
force and position feedback. In most cases, the 
feel system is modeled linearly by a second-order 
lag prefilter in the command path of the flight 
control system (Fig. 3). Where the flight con- 
trol system is commanded by stick position (as in 
Fig. 3), the commanded signal directs the flight 
control system to provide the surface motions that 
result in aircraft response. Generally, the con- 
trol system time delay is referenced to stick 
force (as required by MIL-F -8785C ) which would 
include the feel system in a stick position com- 
mand system. 

The effect of feel system dynamics on pilot 
performance is illustrated using a model-based 
approach. Hess 10 offers a structural model for 
the human pilot that includes a pair of explicit 
proprioceptive feedback loops (Fig. 9). A signif- 
icant feature of this human pilot model is the 
proprioceptive information, such as stick posi- 
tion or force from the control stick, constitu- 
ting one of the major feedback paths in the model. 
Assuming the pilot uses stick position as his 
"output," the feel system dynamics can be included 
in the forward loop, as shown in Fig. 9. Using 
the slow feel system in the Learjet investigation 
(13 rad/sec), a root locus of the neuromuscular 
and feel system dynamics when the pilot closes 
this inner-most proprioceptive loop is shown 
in Fig. 10. The inner-most loop closure drives 
the feel system pole to higher frequencies, thus 
reducing the amount of equivalent time delay asso- 
ciated with the feel system. This model-based 
approach suggests that the feel system is indeed 
a unique dynamic element which the pilot can 
directly affect by his inner-most loop closures. 

The previous data and observations from the 
X-29A and the brief Learjet feel system experiment 
suggest that better agreement with the MIL-F-8785C 
time delay boundaries could be obtained by exclud- 
ing the feel system totally in a position-command 
flight control system. In both cases, major dis- 
crepancies were evident when significant feel sys- 
tem dynamics were present. Although the previous 
data have focused on the lateral axis, the tech- 
niques discussed in this paper should ideally 
apply in some form to all axes and tasks. The 
limited data presented in this paper are obvi- 
ously insufficient to define the extent the feel 
system time delay should be discounted, but the 
observations and the analysis using the Hess 
model do suggest that the feel system is a 
unique dynamic element in the control system. 

Co ncluding Remarks 

The flying qualities problems associated with 
advanced electronic flight control systems often 
relate to the control system time delay. This 
paper' updates the information base on the effects 
of time delay on flying qualities using recent 
flight observations from the X-29A technology 


demonstrator and a related preliminary flight 
experiment. The major points in the paper are: 

1. The present MIL-F-8785C allowable time delay 
specifications do not appear to apply to 
position-command flight control systems with 
significant feel system dynamics. Better 
correlation with these time delay boundaries 
is obtained when the time delay measurement 
is referenced to stick position, not force, 
and the feel system is therefore excluded. 

2. The allowable time delay appears to be a func- 
tion of the shape of the aircraft response 
following the initial delay time. In par- 
ticular, the limited data presented in this 
paper suggests that the allowable delay in the 
roll axis is a function of the initial accel- 
eration rate, or "jerk." 

3. There is evidence that suggests the feel 
system is a unique dynamic element in the 
control system whose delay contribution can 
potentially be reduced through the pilot's 
inner-most loop closures between stick posi- 
tion and stick force. 

4. Flight observations indicate that the expected 
flying qualities degradations related to the 
inclusion of a low frequency, slow feel system 
in the control system do not materialize. In 
fact, the beneficial high frequency attenua- 
tion of such a feel system is obtained at 
little cost. This somewhat unexpected result 
is either because the time delay of the feel 
system can be largely discounted by pilot com- 
pensation or that the beneficial smoothing 
effects of the feel system as a filter 
increase the time delay tolerance. 

5. A review of the present MIL-F-8785C allowable 
time delay specifications and the generation 
of new data to isolate the role of the feel 
system in the control system are in order. 

The time delay issue appears to be more com- 
plex than suggested in MIL-F-8785C and the 
allowable delays appear to be a function of 
the character and distribution of the dynamic 
elements in the control system. 
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Fig. 2 Comparison of time delag effects for low 
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Fig. 4 Lateral feel system investigation, time 
delay structure. 


Fig. 6 Lateral feel system investigation pilot 
ratings (feel system excluded). 
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Fig. 5 Lateral feel system investigation pilot 
ratings (feel system included). 


Fig. 7 Feel system effect on initial roll 
response (step force input). 
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Fig. 8 Effect of acceleration rate on effective 
time delay ( LATHOS data-category A). 
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loop. 
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